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Abstract 

Leukemia inhibitory factor (LIF), a member of the gp130 family of helical cytokines, is involved in the hemopoietic 
and neural systems. The LIF signal transducing complex contains two receptor molecules, the LIF receptor (LIFR) and 
gp130. The extracellular region of the LIFR is unique in that it includes three membrane-proximal fibronectin type 111 
domains and two cytokine binding domains (CBDs) separated by an immunoglobulin-like domain. Although some 
mutagenesis data on LIF are available, it is not yet known which regions of LIFR or gp130 bind LIF. Nor is it known 
whether LIFR contacts gp130 in a manner similar to the growth hormone receptor dimer  and, if so, through which of 
its CBDs. To attempt to elucidate these matters and to investigate the receptor complex, models of the CBDs of LIFR 
and the CBD of gp130 were constructed. Analyses of the electrostatic isopotential surfaces of the CBD models suggest 
that gp130 and the membrane-proximal CBD of LIFR hetero-dimerize and bind LIF through contacts similar to those 
seen in the growth hormone receptor dimer. This  work further demonstrates the utility of electrostatic analyses of 
homology models and suggests a strategy for biochemical investigations of the LIF-receptor complex. 
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Leukemia inhibitory factor  is a pleiotropic helical cytokine that 
acts on a wide range of cell types in the hemopoietic and neural 
systems (Bazan, 1991; Hilton, 1992; Metcalf, 1992; Patterson, 
1994). It is a member of the cytokine family that signals via gp130: 
interleukin-6, IL-11, oncostatin M, ciliary neurotrophic factor, and 
cardiotrophin-1 (Kishimoto  et al., 1995). The sharing of gp130  as 
a component of the receptor complexes of these cytokines is  be- 
lieved to explain the redundancy of function seen among the group 
(Kishimoto  et al., 1995). For example,  it has been shown that LIF 
is not essential for survival in mice, its functions apparently re- 
placed by other  members of the gp130 family, because  LIF- 
deficient mice are viable (Stewart et al., 1992). LIF does not seem 
to play a role in neural development, but is involved in responses 
to nerve injury (Rao  et al., 1993; Cheema et al., 1994; Patterson, 
1994; “ham et  al.,  1997) and may thereby have an important 
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therapeutic role in neurodegenerative disorders. However, the LIF 
receptor has been shown to be essential for survival in mice (Li 
et al., 1995; Ware et al., 1995). 

Receptors for the helical cytokines form a family of membrane- 
bound molecules whose extracellular domains are highly modular, 
consisting of fibronectin type 111 and immunoglobulin-like do- 
mains (Cosman, 1993; Sprang & Bazan, 1993). Two conserved 
disulfide bridges in one FnIII domain and a conserved sequence 
motif (“WSXWS”) in the adjoining FnIII domain first identified 
the family called the class I cytokine receptors (Bazan, 1990). 
These tandem FnIII domains form the cytokine-binding domain, 
which is the only component of the extracellular domain of many 
helical cytokine receptors, such as the growth hormone, prolactin. 
and erythropoietin receptors (Cosman, 1993). Other cytokine re- 
ceptors also have extracellular domains containing a CBD adjacent 
to the membrane with an N-terminal Ig-like domain (e.g., ILdR, 
CNTFR) or a second CBD (e.g., the common @-chain). Another 
group of receptors has three FnIII domains adjacent to the mem- 
brane and an N-terminal region that consists of either a CBD (e.g., 
IL-12R), a CBD and an Ig-like domain (e.g., gp130), two  CBDs 
separated by an Ig-like domain (LIFR) and the OSM receptor, 
which is like LIFR, but lacks the N-terminal FnIII domain of the 
N-terminal CBD (Cosrnan, 1993; Chua  et al., 1994; Mosley et al., 
1996). The receptors for the interferons and IL-IO, along with 
tissue factor, form a related group known as the class I1 cytokine 
receptors (Bazan, 1990). 
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To date, only one complete helical cytokine and receptor com- 
plex, that of growth hormone and its receptors, has had its three- 
dimensional structure determined (de Vos et al., 1992; Sundstrom 
et al., 1996). Partial complexes are known for a 1: 1 growth hormone- 
growth hormone receptor complex (Sundstrom et al., 1996),  GH 
and the prolactin receptor (Somers  et al., 1994), two erythropoietin 
receptors with a synthetic ligand (Livnah et al., 1996), and inter- 
feron y and  its receptor a-chain (Walter et al., 1995). Also, the 
structure of the related class I1 cytokine receptor molecule, tissue 
factor, has been determined in the free  (Harlos  et al., 1994; Muller 
et al., 1994, 1996) and ligand-bound (Banner et,al., 1996) forms. 
The complex of growth hormone and its receptors has formed the 
paradigm for helical cytokine binding. One receptor binds the 
cytokine at site I (consisting of the exposed faces of the D and A 
helices) and then the second receptor binds to site I1 (the A and C 
helices) assisted by binding to a region on the other receptor (de 
Vos et al., 1992; Wells, 1996; Wells & de Vos, 1996). This two-site 
binding pattern, sometimes with a third site, appears to be a com- 
mon motif in helical cytokine-receptor interactions (Mott & Camp- 
bell, 1995; Paonessa et al., 1995). 

Extensive mutagenesis studies have been performed on the growth 
hormone complex (Cunningham et a]., 1991; Cunningham & Wells, 
1993; Clackson & Wells, 1995) showing that the structurally de- 
fined binding epitope is much larger than the functionally defined 
epitope (de Vos et al., 1992; Cunningham & Wells, 1993; Clackson 
& Wells, 1995). Hydrophobic interactions are important in the 
ligand-receptor interaction (Clackson & Wells, 1995), but electro- 
static interactions are  also important in growth hormone binding 
(Cunningham & Wells, 1993). Calculations of electrostatic poten- 
tial surfaces of the receptors and the ligand have shown that thcy 
are clearly complementary (Demchuk  et al., 1994) with growth 
hormone, having a symmetric electrostatic potential surface, con- 
sistent with it binding two identical receptors. When the asymme- 
try of  the dimer interface between the two growth hormone receptors 
is taken into account, it can be  seen that the receptors also show a 
clear electrostatic complementarity in the dimer interface region 
(Smith, 1996; Layton et ai., 1997). 

Although the crystal structure of LIF has been solved (Robinson 
et al., 1994), comparatively few  data  on the interaction of LIF with 
its receptors are available. LIF has been shown to associate with 
LIFR at low affinity and then to bind to gp130 to form a high- 
affinity complex (Gearing et al., 1991, 1992). Competitive binding 
studies of LIF and CNTF to the common components of their 
receptor complexes, LIFR and gp130, have been performed (Rob- 
ledo et al., 1996), suggesting that the components associate dif- 
ferently. Chimeric protein studies have identified a group of six 
amino acids in LIF that are involved in  LIFR binding (Owczarek 
et al., 1993; Layton et al., 1994b). These residues mostly localize 
to a region consistent with the third binding site seen in cytokincs, 
such as IL-6, which bind to three receptor molecules (Paonessa 
et al., 1995; Simpson et al., 1997). More recently, predominately 
alanine mutations of residues in LIF identified several residues that 
affected both LIFR and gp130 binding (Hudson  et al., 1996) and 
were consistent with a three-site binding model. However, there is 
some disagreement between the residues found to be important by 
Layton et al. (1994b) and  by Hudson et al. (1996), perhaps due to 
the different approaches and  species  of the molecules used in 
examining different aspects of receptor interactions. Cross species 
binding studies on LIF and LIFR revealed an unusual pattern of 
binding (Layton  et  al.,  1994a). Different behavior was observed 
for murine and human LIF dissociating from their cognate recep- 

tors and both LIF species competed less effectively against the 
cross species molecule for binding to murine LIFR than would be 
expected from their individual binding affinities (Layton et  a]., 
1994a). It has been suggested that the results from the cross species 
binding studies could reflect LIF-receptor interactions that differ 
from the growth hormone paradigm (Layton et al., 1994a, 1994b). 
This will be discussed in terms of the models constructed here. 

This work uses homology modeling to investigate the inter- 
actions of LIF with its receptors. Models of the structures of the 
CBDs of LIFR and the CBD of gp130 were constructed to try to 
compare the configuration of the LIF-receptor complex with the 
growth hormone paradigm for helical cytokine-receptor inter- 
actions. The models were examined to predict which receptor re- 
gions bind to LIF and whether a contact dimer  forms between 
LIFR and gp130. Because the helical cytokine receptors, as a 
group, show very little sequence similarity, techniques for evalu- 
ating protein structures were used to check the validity of the 
models and the quality of the sequence alignments used. Electro- 
static isopotential surface calculations were utilized to identify 
potential binding surfaces on the model receptors and on LIE This 
also allowed an examination of the utility of this technique in the 
case when the protein-protein interactions of interest are mainly 
from loop regions, which are difficult to model by homology- 
based techniques, particularly when the template structures have 
low sequence similarity. The modeling provides support for the 
proposal that the LIF receptor complex is similar to the growth 
hormone paradigm, binding to regions equivalent to sites I and I1 
and with the receptors forming a contact dimer. 

Results 

Modeling process 

The alignments of the CBD sequences used  in the modeling are 
shown in Figure 1 .  This alignment also shows the detailed sec- 
ondary structure of GHR and the P-sheets of GHR and the pro- 
lactin receptor, the residues important for the GH-GHR interaction, 
the residues involved in the “WSXWS” structural motif, and the 
position of the tyrosine comer. On average, the receptors show 
20% sequence identity and 40% similarity with this alignment. In 
the case of the first and second CBDs of LIFR and the CBD of 
gp130, the sequence identities to GHR are 13%, 13%, and 21%. 
respectively, and thesequence similarities are 33%, 31 %, and 40%, 
respectively. This low level of sequence identity made the align- 
ment of some of the P-strands difficult and, in some cases. alter- 
native alignments, where the ends of strands were altered by two 
residues, were considered. Evaluations of the constructed models 
with ProsaII (Sippl, 1993) and Profiles3D (Liithy et al., 1992) were 
used to assist in choosing between the alignments. 

A particular difficulty was encountered with the N-terminal FnnI 
domain of the first CBD of LIFR. This domain contains the four 
cysteine residues characteristic of the CBDs, however, there are 
considerably fewer amino acids between the second and third cys- 
teine residues than in most of the helical cytokine receptors. If the 
cysteine residues are aligned so that the second disulfide bridge 
position is conserved between the C’ and E strands, then the loop 
between the B and C strands must be very short. A further conse- 
quence of this alignment is that no tyrosine comer (Hemmingsen 
et al., 1994) is observed between the E and F strands and an 
unusually long insertion is required between the F and G strands to 
bring the alignment back into register for the second FnIII domain. 
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Fig. 1. Alignment of the CBDs of the human  gp130  family of receptors 
and  G-CSFR.  Numbering  is  from  the  mature  sequence  of  each receptor. 
Every 10th residue is superscripted . and every IOOth, ". Beta  strands for 
the growth  hormone  and  prolactin  receptors  (de Vos et al..  1992;  Somers 
et al., 1994)  and  the  models  are  underlined.  These  P-strands  are named A. 
B, C. C ,  E, F, and  G in sequential  order in each  FnIII  domain and are 
indicated  above the strand, as is the hinge  region,  which  connect5 the two 
FnIll  domains.  A detailed description of the secondary  structure of GHR 
following the formalization of Kabsch and Sander  (1983) is also given.  The 
detailed codes used in the line GHR-2D are E, P-strand: G. 3," helix: B. 
bridge; T, turn, S, backbone bend: *, P-bulge; and =, not seen in the 
electron density. Lowercase letters are used to  indicate  residues that flank 
secondary  structural  elements,  either  having  only  one  hydrogen bond in- 
volved in a P-strand  or  having  only  one of their 4 or t,b angles in the helical 
range.  The  strands in the models  correspond well to the crystal  structures 
except  for  the  least  well-conserved C strands,  strand 2E. where a P-bulge 
in GHR  disrupts  the  pattern, and the 2C and 2F strands in gp 130, where the 
introduced  P-bulge  does not quite  match the Kabsch and  Sander  (1983) 
criterion.  Residues  involved in growth  hormone binding interactions (Clack- 
son & Wells, 1995) are indicated by *: tyrosine  comers by -; and residues 
that make up the "WSXWS" structural motif are  marked -. The  alternative 
alignment of the first FnIIl  domain o f  the first CBD of LIFR is shown as 
DSCON in the figure.  The symbol "*" in the DSCOK sequence is used to 
indicate the insertion between the F and  G  strands needed to bring the 
alignment back into  register. 

This alignment, with the insertion in the FG loop indicated sym- 
bolically, is shown in Figure 1 as DSCON. The alternative to this 
is not to preserve the structural position of the second disulfide 
bridge. In this case, the disulfide bridge is placed between the C 
and C' strands and then the  loop between the B and C strands is of 
normal length, a tyrosine comer motif is found between the E and 
F strands, and the loop between the F and G strands is of a more 
reasonable length. Also, this alignment (LIFRdl in Fig. 1) shows 
a better pattern of amino acid conservation. Models using both 
positions for the second disulfide bridge were constructed and 
evaluated to test whether this novel disulfide arrangement was 
more probable in LIFR. 

Because the growth hormone receptor is the only helical cyto- 
kine receptor structure for which coordinates are available (PDB 
code 3HHR; de Vos et al.. 1992), it was used as the main template 
for the modeling. Other FnIII domains coordinates are available 
[Fibronectin 3rd domain, PDB code lFNA (Dickinson et al., 1994); 
Tenascin 10th domain, ITEN  (Leahy  et al., 1992); Drosophila 
neuroglian, lCFB (Huber et al., 1994); tissue factor, 2HFT (Muller 
et at., 1994)], and these were examined as part of the alignment 
process and for structural similarity. It was found that, when the 
coordinates of these FnIlI  domains were superimposed, as shown 
in Figure 2, they had RMSD values ranging from 0.6 A to I .9 A, 
with an average of 1.2 A over the core B, C, E, and F strands 
(Smith, 1996). This surprisingly close structural similarity among 
the FnIII domains, despite their low sequence identity. justifies 
the  use  of these frameworks for the modeling of new receptor 
conformations. 

A major consideration in the modeling of the LIF receptors is 
the determination of the angle between the two FnIIl domains, 
whether this is conserved throughout the family, and whether it is 
likely to change on ligand binding or on interaction between the 
receptor subunits. The angle between the domains in the growth 
hormone receptor was used because the prolactin receptor domains 
(Somers  et al., 1994) have essentially the same angle of about 90", 
as do the structures of two EPO receptors bound to a synthetic 
ligand (Livnah  et al., 1996). A similar pattern of conservation of 
the interdomain angle is found in the class I1 cytokine receptors. 
The interdomain angles seen in tissue factor in the frec (Harlos 
et al., 1994; Muller et ai., 1994) and ligand-bound (Banner  et al., 
1996) forms and  in the interferon-y receptor a-chain (Walter et al., 
1995) are very similar and are about 120. 

Model structural evaluation  and refinement 

The models built were examined for stereochemical quality using 
PROCHECK (Laskowski et al., 1993) at all stages of  the refine- 
ment. Strained bond lengths and angles and out of plane aromatic 
and charged groups introduced by model construction were mon- 
itored and, if these did not correct themselves in the initial mini- 
mizations, they were constrained in the following refinement stages. 
Problems that tended to persist were caused by the fragment joints 
in the models, unfavorable #+$ angles where inserted loops orig- 
inally contained Gly or Pro residues, and close side-chain contacts 
from residues substituted in inserted loops. Side-chain rotamers 
were sometimes unfavorable due to the way  Insight11 constructs 
side chains. The side-chain heavy atoms are preserved as far as 
possible during substitution and this can result in the transferred 
X I - , $  conformation being rare or unfavored for the substituted 
residue. If attempts to correct these problems introduced greater 
structural distortions, the restraint was redefined or removed and 
the refinement stage rerun. Because the final stage of the refine- 
ment was unrestrained (except  for enhanced out-of-plane force 
constants-see Materials and methods), any structure maintained 
solely by these restraints would be revealed. After the unrestrained 
molecular dynamics and energy minimizations, the stereo chemi- 
cal parameters of the models were (RMSDs from ideal values): 
bond angles, 2.5-3.9";  bond lengths, 0.1 A; w angle planarity, 
3.5-4.0"; C" tetrahedral distortion, 1.6-1.9"; most-favored regions 
of the +$ plot, 67-77%; less-favored regions, 22-33%; addition- 
ally allowed regions, 0-3%; 1 residue in a "disallowed" high- 
energy region. 
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V 
Fig. 2. MOLSCRIPT (Kraulis, 1991) diagrams of eight superimposed FnIII 
domains showing the close structural similarity. Structures depicted  and 
their PDB codes are GHR (domains 1  and 2,3HHR, chain  B); tissue factor 
(domains 1 and 2,2HFT); neuroglian  (domains 1 and 2, ICFB); fibronectin 
(IFNA); and  tenascin (ITEN). 

As  well as stereochemical  checks, the models  were  investigated 
with Profiles3D  (Luthy et al.,  1992) and the empirical  force  field 
method, ProsaII (Sippl,  1993). On both  measures,  the  models  were 
comparable to the templates.  For  ProfileQD,  the  evaluation  scores 
for the  growth  hormone  receptors  (de Vos et  al., 1992)  and Dro- 
sophila neuroglian (Huber et al., 1994)  ranged  from  69 to 81% 
(observed  score/expected  score)  and  for  the  models,  values  ranged 
from 63 to 79%. Similarly,  when  using ProsaII, the  models  scored 
slightly  less  well  than  the  crystal  structures  overall,  but  were  better 
than  the  experimental  structures  over  considerable  regions  (Smith, 
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1996).  The ProsaII graphs  were  below 0 (averaged  over  a  window 
of 50), except for six residue  values in the  gp130  model  and  one 
in the  model of the  second  CBD  of  LIFR. In  these  cases,  no  value 
exceeded +O. 1.  As  an example,  Figure  3  shows  the  typical  progress 
of the  refinement  process as monitored  by ProsaII for the  model of 
the CBD  of  gp130. There is a  general  improvement,  although it is 
not  consistent,  over  the  whole of  the  molecule. It was  found  during 
the  refinement  process  that  the  evaluation  methods  were  sensitive 
to small  changes  in  the  structure  and  that  the  two  methods  did  not 
always  agree on the merit  of a  particular  structural  change. 

The  alignments of the CBD  of gp130  and  the  second  CBD of 
LIFR (Fig.  1)  were  relatively  unambiguous,  but  the  alignment of 
the  first CBD  of  LIFR  was  more complicated.  Several  variations 
of the alignment  were  considered  and the models  of these  align- 
ments  were  examined  with ProsaII and  Profiles to see if  these 
methods  indicated  that  one  alignment  was  more  suitable.  Figure  4 
shows  the ProsaII trace of the model  of  the first  CBD of  LIFR  with 
the  second  disulfide  bridge  in  the  standard  position (Fig. 4A)  and 
two  variations of the  models  with  the  position of this disulfide 
bridge  altered (Fig. 4B,C).  The  two  alternative  alignments of the 
second  disulfide  bridge in the  first  FnIII  domain  are  shown  in 
Figure 1 as LIFRdl (cf.  Fig. 4C) and  DSCON (cf.  Fig.  4A). 
Preserving  the  disulfide  bridge  position  produced  unsatisfactory 
scores in ProsaII for  the  model, as shown  in Figure  4A. It was not 
possible  to  improve  this  with  the  techniques  used  in this study  and, 
based  on this and the sequence  considerations  mentioned  above, 
further  refinement of this model  was  not  pursued. To achieve  the 
final  model  using  the  alignment  shown  in  Figure  1,  several  changes 
were  made  following  examination of the ProsaII graphs. In the 
second FnIll domain of the  CBD,  the  C  to E strands  were  adjusted 
by two residues,  giving  a  different  packing of these  strands.  That 
is,  the  gap  seen  between  strands  2B  and  2C  in the LIFRdl se- 
quence  in  Figure 1 was introduced,  which  required  a  correspond- 
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Fig. 3. ProsaII (Sippl, 1993) traces of the model  of the gp130 CBD  during 
its  refinement.  Values are averaged over a  window  of 50. A: Initial model. 
B: After  energy  minimizations. C: After molecular  dynamics  with the C" 
atoms held fixed. D: After molecular dynamics with  NOE  hydrogen  bond 
restraints. E: After  unrestrained molecular dynamics.  Native  proteins are 
expected to be below the 0 line,  which is shown  dashed  in each panel. 
Dotted line in each panel represents a score of - 1. A  general,  but  incon- 
sistent, improvement  has occurred throughout  the  refinement. 
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Fig. 4. Prosa II (Sippl,  1993)  traces  of  models  of  the first CBD  of  LIFR. 
A: Model  with  the  position of  the second  disulfide  bridge  conserved. 
B,C Models  with the position of the  second  disulfide  bridge  altered.  B  is 
a  preliminary  model,  whereas  C is the final model,  which has an  adjust- 
ment to  the  alignment of the C-E strand  region of the  second FnIIl domain 
by two residues  and  the  movement  of  a P-bulge from  the  C-terminus  to  the 
N-terminus of the G strand of the first FnIU domain (see alignments in 
Fig. 1). 

ing  insertion  between  strands  2D  and  2E (Fig. 1). This resulted in 
the  improvement of the RosaII measure (a lowering of  the values) 
for the  C-terminal  region (Fig. 4B,C). A second  improvement  was 
made in the G strand of the  first FnIU  domain  by  moving the 

A R 

@bulge normally seen at the  C-terminus of this strand to the 
N-terminus  (see  the  alignments  in  Fig. 1). This caused  two  hydro- 
phobic  residues to align so that  they  packed  into  the  @sandwich 
rather  than  being  exposed.  Although this is another  unique  feature 
of the  alignment of this CBD  of LFR, the  improvement  in  the 
score  from RosaII (the  lowering of the  graph  in  Fig.  4C  when 
compared to that in Fig.  4B),  showing  that this model  is  more 
compatible  with  features  seen in native  protein  structures,  suggests 
it is  likely to be  correct. 

Electrostatic calculations 

Using  the  parameters  described  in  Materials  and  methods,  electro- 
static  isopotential  surfaces  were  calculated  from the coordinates of 
the  refined  models.  These  were  displayed  using  the  program GRASP 
(Nicholls et al.,  1991)  at  the f0 .5 kt/e contour  levels  (blue  posi- 
tive, red negative)  and  are  shown in Figure 5. The  receptor  CBDs 
are  shown so that  the  putative  receptor  dimerization  surface  (by 
analogy to GHR) is in  the  plane  of the page  and  the  N-terminal 
FnIII domain is into  the  page. To dimerize,  the  receptors need to 
rotate by +90 toward  each other (e.g.,  about  the  line  between 
Fig. 5B,C). On the  molecular  surface of the  second CBD  of LIFR 
(Fig. 5A), the  region  expected  to  be  involved in LIF binding  (by 
analogy  with GHR; Clackson & Wells, 1995;  see  Fig. 1) is  shown 
in  green  and the region  expected  to  form  the  receptor  dimer  contact 
region  (by  analogy  with GHR; de Vos et al.,  1992)  is  shown  in 
magenta.  If one of the  CBDs of LIFR were  to  form  a  contact  dimer 
with  gp130  in  the  manner  of  the  growth  hormone  receptor,  then 

n 

3 

Fig. 5. Grasp (Nicholls et al., 1991) representations of the molecular and electrostatic isopotential surfaces of the models. 
A: Molecular  surface  of the model of  the second CBD of  LIFR. Areas  marked  in  magenta  and  green  show  the  residues  equivalent  to 
those  involved in the dimer  interface  and  in  ligand  interactions,  respectively,  of GHR. The  putative  dimer  interface  region is in the  plane 
of  the  page  and  the  binding site region is directed into the  page.  Electrostatic  surfaces of the models  are  shown in (B) the  second  CBD 
of  LIFR, (C) the  CBD of gp130;  and @) the fmt CBD  of LIFR. Blue regions  are  at +0.5 kT/e and  red  at -0.5 kT/e. To dimerize, 
the  receptors  must  rotate  toward each other by +90 about  a line between  them.  Complementarity of  the putative  dimerization  regions 
of the  second  CBD of LIFR (B), and  the  CBD of gp130 (C), is  clear.  The  general  similarity  of  the  electrostatic profile of the frst CBD 
of  LIFR (D) to that of gp130 can  be  seen  as  well. 
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these  receptors  would be expected  to  have  complementary  elec- 
trostatic  potentials in the  proposed  dimerization  regions.  Individ- 
ually  and  when  paired, the receptors  would be expected to be 
electrostatically  complementary to the  binding  regions on  LIF. 

From  Figure 5 it  can  be  seen  that  the  models  of  the  second  CBD 
of LIFR and  gp130  show  clear  electrostatic  complementarity  in  the 
supposed  dimerization  region,  whereas  the  model of the fist  CBD 
of  LIFR does  not.  Instead,  the  electrostatic  isopotential  surface of 
the first CBD of  LIFR  looks  very  similar  to  that of gp130. To 
examine  further  the  idea  that  the  second  CBD of  LIFR  and gp130 
might be dimerization  partners,  their  models  were  superimposed 
on the GHR dimer  and  their  combined  electrostatic  potential sur- 
face,  as  well as that of  LIF,  was calculated.  Figure  6  shows  the 
resulting  electrostatic  isopotential  surfaces.  In this view, the  ligand, 
LIF, has  been  rotated  out of its potential  binding  region  by  180, so 
that  both  binding  surfaces are visible  in the figure.  The  numbers 
marked  on  the  ligand  and  the  receptors  show  the  regions of elec- 
trostatic  complementarity  between  them  that would  be in contact if 
LIF bound  these  receptors  following  the  growth  hormone  para- 
digm. The region  marked Site I  on LIF corresponds  to the faces of 
the  D  and A helices  and  site 11 to the  faces of the A and  C  helices 
and so are equivalent  to  the  binding  regions of  growth  hormone. 
These electrostatic  surfaces  suggest  that the binding of LIF to  the 
LIFR-gpl30  complex  follows  the GH-GHR binding  paradigm. 

A possible  third site for LIF binding  has  been  identified  (Layton 
et al.,  1994b;  Hudson et al., 1996).  If  the  second  CBD of  LIFR  and 
gp130  bind LIF following  the GH-GHR  paradigm,  then it is likely 
that  the  first  CBD of LIFR  binds  at  Site III. It  was  hoped  that  the 
electrostatic  profile of the  model of this domain  would  indicate 
clear  complementarity  to  the Site 111 region  on  LIF.  However,  the 
patterns of the  positively  and  negatively  charged  regions  were not 
sufficiently  distinct  to  allow  a definite prediction.  Another  hope  of 
the electrostatic  study of the fist  CBD  of  LIFR  was that  the 

Fig. 6. Electrostatic surfaces as in  Figure 4 of the  second  CDB of LEX 
and the  CBD of gp130, combined  based on the GHR dimer,  showing  the 
ligand  binding region and the electrostatic surface of LIF. Site I corre- 
sponds  to  the  D  and A helices and site I1 to  the A and  C  helices. The 
numbered  regions  show  the electrostatic complementarity  between  the li- 
gand  and  the  combined  receptors. 
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isopotential  surface  might  support  a  choice  between the various 
alignments  used  by  the  model  with  the  correct  alignment  having an 
electrostatic  surface  that  was  more  clearly  complementary to its 
binding  partners.  However,  the  electrostatic  surface of the model 
with  the  position of the disulfide  bridge in the first FnIII  domain 
conserved  and  that of the  model  with  the  variation  of  the  alignment 
in  the  second  FnIII  domain  (data  not  shown)  were  not  sufficiently 
different  from  the  model  shown  in  Figure 5D to use this method to 
choose  among  the  models. 

Discussion 

The  LIFR is unusual  among  the  helical  cytokine  receptors  in  that 
it has  two  CBDs  that  are  separated  by  an  Ig-like  domain.  Other 
receptors  with two CBDs (e.g., the  common /3-chain  and the 
interferon-receptor)  have  the  CBDs  adjoining  each  other,  which 
would  make it difficult on steric  grounds for both  CBDs to interact 
with  the  ligand.  In  these  cases,  the  available  data  (Jenkins et al., 
1995; Set0 et al., 1995; Woodcock et al.,  1996)  suggest  that  the 
membrane-proximal  CBD is involved  in  ligand  interactions.  With 
the  separation of the  CBDs  in the LIF receptor by  an Ig-like 
domain,  interaction of both  CBDs  with LIF is not  likely to be 
inhibited by steric  clashes  and  both  CBDs  could  bind LIF.  Some 
data from other cytokine  receptor  systems  have  shown the involve- 
ment  of  receptor  domains  other  than  the  CBD  in  ligand  binding 
(IL-SR,  Cornelis  et  al.,  1995;  G-CSFR,  Hiraoka et al.,  1995). 
However,  in  some  receptors,  the  Ig-like  domain  has  been  shown  to 
be unnecessary for binding  (e.g., IL-6Ra, Yawata et al.,  1993), 
which  was  initially  thought  to  be  the case for G-CSFR (Fukunaga 
et  al.,  1991),  and  the  extracellular  domains of  many helical  cyto- 
kine  receptors  contain  only  a  CBD. In this work,  models of both 
CBDs  of  the  LIFR  and  the  CBD of gp130  (the  second  component 
of the  high-affinity LIF receptor  complex,  Gearing et al.,  1992) 
were  constructed,  but  not  their  Ig-like  domains,  to try to identify 
the  locations  where  each of  the  CBDs  might  bind LIF and  which 
of the  CBDs,  if  any,  might  form  contact  dimers. 

Evaluation of the models using stereochemical measures 
(PROCHECK,  Laskowski et al.,  1993)  and  estimates of their  com- 
patibility with  the characteristics of  known protein  structures (Pro- 
saII, Sippl,  1993;  Profiles3D,  Liithy et al.,  1992)  showed  them  to 
be of equivalent  quality  to the template  molecules  used  in  their 
construction.  Use of these  evaluation  methods  suggested  an  alter- 
ation by two residues  to  the  alignment of the  second FnIII domain 
of the first CBD  of  LIFR. A misalignment of two residues  in 
&sandwich  proteins can  be made  easily,  because  the  pattern of 
alternating  hydrophobic-hydrophilic  residues  will  be  maintained 
although the p-strand length  will  alter.  Another  alignment  change 
suggested by the  evaluation of the models  was to move  a p-bulge 
to  the  opposite  end of the  strand  from  which it appears  in  the other 
receptors (Fig. 1).  The  considerable  improvement  in the evaluation 
score of the model  given this adjustment  suggests the appropriate- 
ness  of  this  alteration.  However,  the  methods  used  in this work do 
not  allow  an  unambiguous  evaluation of the correctness of this and 
experimental  data  will be needed  to c o n f i i  the alignments. 

Part of the aim of this work  was to  examine  the  usefulness of the 
electrostatic  surfaces of  homology  models. The  importance of elec- 
trostatic  interactions  in  helical  cytokine-receptor  interactions  has 
been  shown  by  mutagenesis  studies  (Lopez et al.,  1992;  Cunning- 
ham & Wells, 1993;  Kruse et al.,  1993;  Zurawski et al.,  1993; 
Clackson & Wells,  1995;  Graber et al.,  1995; Olins et  al.,  1995) 
and  the  electrostatic  complementarity of GH to its receptors  has 
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also been described (Demchuk  et al.,  1994: Layton et  al., 1997). In 
the case of the LIF receptor complex, the models of the second 
CBD of LIFR and the CBD of gp130 showed a very clear elec- 
trostatic complementarity over the region that would be expected 
to dimerize if the complex formed in a manner similar to that of 
GH-GHR (Fig.  5B.C).  This suggests that these molecules will 
dimerize, thereby forming a binding region for LIF that should 
show electrostatic complementarity to LIE When the electrostatic 
isopotential surface of LIF was calculated, the surface formed by 
the region encompassing the D-A-C helices (equivalent to Sites I 
and I1 of GH) was complementary to the surface of the combined 
receptors (Fig. 6). Taken together, these data provide strong evi- 
dence that LIF does follow the growth hormone paradigm of cy- 
tokine binding. The second CBD of LIFR would appear to bind to 
the D and A helices (equivalent to Site I of GH) and  then gp130 
appears to bind to the A and C helices (equivalent to site 11 of GH) 
while forming a contact dimer with LIFR. This model follows the 
emerging pattern of cytokine binding (Mott & Campbell, 1995) 
and is also consistent with the available mutagenesis data on LIF 
(Layton  et al., 1994b: Hudson et al., 1996), which is summarized 
in Figure 7 and discussed below. 

Fig. 7. MOLSCRIPT  diagram (Kraulis. 1991)  of the  crystal  structure of 
murine  LIF (Rohinson et al..  1994) showing the  three  hinding site regions 
and  the residues identified by  Layton et al.  (1994h) and  Hudson et al. 
(1996)  as affecting receptor binding. Residues of murine  LIF  equivalcnr IO 

those identified for  human  LIF  arc shown. Sire I residues (Glu”. 
are  in light  gray. site I1 residues (Gln”.  Am”, Gln“) are in medium  gray. 
and site 111 residues (Thr“’’. Gln”’.  Val”‘.  Ala’55. Phe”‘. Arg’5x.  Lys’””) 
arc in dark gray. 

The putative dimerization region of the first CBD of  LIFR was 
not electrostatically complementary to gp130 and  would  not be 
expected to dimerize with gp130 or bind LIF following the GH- 
GHR paradigm. Unexpectedly, it was noted that its potential di- 
merization region had  an electrostatic profile that was very similar 
to that of gp130. This raises the possibility that this CBD might 
dimerize with other receptors to which gpl30 also forms dimers. In 
particular, it  may  be that this domain is the part of  LIFR that is 
involved in binding CNTF where one LlFR molecule and one 
gp130 molecule are involved in  an IL-6-like hexameric complex 
(de Serio  et al., 1995). This could explain the apparently anoma- 
lous role of LIFR in this complex and will be discussed in more 
detail elsewhere in the context of gpl30-related receptor com- 
plexes (Smith, 1996; D.K. Smith, A. Hammacher, & H.R. Treut- 
lein. manuscript in prep.). 

Because it could not be predicted confidently from the electro- 
static surfaces that the first CDB of LlFR would bind to site 111 on 
LIF, another possibility might be  that the Ig-like domain of the 
receptor or the interface between the Ig-like domain and the first 
CBD could interact with LIF. The recent cloning of a second OSM 
receptor (Mosley et al., 1996), which is like LIFR  but lacks the 
first FnIlI domain of  the first CBD, might possibly argue for this. 
However, if the second CBD of LIFR  and gp130 bind LIF as 
suggested above (Fig.  6), i t  seems unlikely, on steric grounds, that 
the Ig-like domain could bind to LIE The Ig-like domain might 
spatially separate and orient the first CBD to allow it to be placed 
in position to bind  at site 111. It is possible to test this by construct- 
ing a deletion mutant of LlFR that lacks the N-terminal FnIII 
domain. If the Ig-like domain is directly involved in ligand inter- 
actions. this mutant should have relatively little effect on binding, 
whereas, if the first CBD binds LIF directly. the effect of this 
mutant should be considerable. Alterations to the Ig-like domain or 
mutations in the interface between the Ig-like domain and the CBD 
need to be evaluated carefully, because they  may affect the ability 
of the first CBD of LlFR to orient correctly toward site 111 rather 
than suggesting a different binding mode. 

The biochemical data available on LIF-receptor interactions in- 
clude mutagenesis and cross species binding and competition stud- 
ies. Indicated in Figure 7, a ribbon diagram (Kraulis, 1991) of the 
crystal structure of murine LIF (Robinson et al., 1994). are the 
locations of the three binding sites, with the residues identified by 
the studies described below shown in CPK form. Owczarek et al. 
( 1  993) and Layton et al. ( I  994b) used chimeric protein studies to 
identify six residues of human LIF that, when substituted into 
murine LIF, gave murine LIF binding and biological activity sim- 
ilar to that of human LIE Five of these residues localize to the 
region described as site 111, whereas the sixth, Asp5’, in  the small 
helix in  the AB loop, co-localizes with Site I residues seen  in GH 
(Cunningham & Wells, 1993). Other residues that co-localize with 
Site I were shown to affect LIFR binding (Hudson et al., 1996). 
Groups of residues on the A and C helices (co-localizing with Site 
II) ,  when co-mutated to Ala, were shown to affect gpl30 binding 
with the A helix residues having a greater effect (Hudson et al., 
1996). The residues identified by Hudson et al. (1996) as having 
the greatest effect on LIF receptor binding were Phe15”  and Lysl”). 
PheI5‘ is involved in a structural interaction between the “Dl 
motif’ and the small helix in the AB loop (Pro”, Phe”, and 
Leu”) and this interaction probably contributes to the stability of 
the “Dl motif” as part of Site 111 and therefore may not directly 
contribute to binding (Smith, 1996: Simpson et al., 1997). Lys”” 
is partly exposed on the same face of LIF as the five site I11 
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residues identified by Layton et al. (1994b) and may contribute 
directly to binding; the equivalent residue in CNTF, L Y S ' ~ ~ ,  was 
shown to considerably affect LIFR binding to  CNTF (di Marco 
et  al., 1996). However, in the crystal structures of both LIF  (Rob- 
inson et al., 1994) and CNTF  (McDonald  et al., 1995), it can be 
seen that the aliphatic part of the Lys side chain is buried (Lysls9 
in LIF makes close contacts with Phe52) and is likely to structur- 
ally stabilize this region of the molecules. Overall, the residues 
identified in these studies (Owczarek et al., 1993; Layton et al., 
1994b; Hudson et al., 1996)  as affecting receptor binding are con- 
sistent with the receptor complex model proposed here. 

The models of the second CBD of LIFR and gp130 and the 
crystal structure of murine LIF (Robinson et  al.,  1994) were su- 
perimposed on the GH-GHR complex to examine how the models 
might explain the mutagenesis data of Hudson et al. (1996) and 
Layton et al. (1994b). Residues thought to be involved in site 111 
interactions cannot be commented on further due to the inability to 
precisely define a binding region for the first CBD of LIFR. For 
the residues likely to be in site I in LIF that were found not to affect 
LIFR interactions (Hudson  et al., 1996), appeared to be 
beyond the contact area, Ala'77 was directed toward the cleft be- 
tween the two receptors, GlnI7' was at the upper fringe of the 
binding area (as in the receptor view in Fig. 6) ,  and the residues 
from Ala6' to Thrh5 were above the binding region. Of the residues 
in LIF that affected receptor binding, and LysI7O were in the 
contact region with LIFR, however, Asps7 and Lyss8 were distant 
from the receptor. Residues on the receptor that are involved in 
ligand contacts come from the loop regions. These loops are named 
by the strand names, given in Figure 1, that flank them and by the 
number of the FnIII domain (1 or 2, Fig. 1) that they are in. In the 
second CBD of LIFR, the residues in contact with LIF are Leulo2 
(IAB loop), Gln'" (IEF loop), Thr'S4 (hinge region), Lys4I7 and 
Asn"' (2BC loop), and Thr471 and Phe47' (2FG loop). 

From the electrostatic surfaces in Figure 6, it seems possible that 
LIF might bind its receptors from a position on the helices farther 
from the N- and C-termini than that suggested by the optimal 
superposition of LIF and GH (residues 21,77, 125, and 170 of LIF 
equivalent to 8, 73, 117, and 167 of GH, respectively) used above. 
Accordingly, a superposition of residues 28, 84, 118, and 163 of 
LIF to the GH residues mentioned above was examined to see how 
this matched the mutagenesis data. In this case, Asps7 and Lyssx in 
LIF were able to make contacts with the receptor. Asps7 was close 
to LysJ7' (2EF loop, LIFR) and Lysss could be close to G ~ u ' ~ '  
(hinge region, LIFR) if, in solution, the side chain of LysS8 folds 
back to the surface of LIF rather than protruding from the molecule 
as seen in the crystal structure. Most notable of the other residues 
in LIF was that Gln17', which had a slight effect on LIFR binding 
(Hudson  et al., 1996). was in the interface between the two mol- 
ecules. This might be explained by Lys4'' (2BC loop, LIFR) ap- 
pearing to make a hydrogen bond to its backbone carbonyl group. 
Because this bond would not be affected by the mutation Gln17'Ala, 
this could ameliorate the apparent loss of contacts from the side 
chain. and LysI7' in LIF were still in contact with the 
receptor and, although the region from Ala6' to Thr6' in LIF was 
closer to the receptor in this superposition, it was still at the top 
edge of the interface region. 

In the case  of  site I1 interactions, the residues identified by 
Hudson et al. (1996) in the A helix of LIF made contacts with 
gp130, whereas the residues in the C helix were generally above 
the contact region and consequently would be expected to have 
less effect on gp130 binding, as found by Hudson et al. (1996). In 

the initial superposition, Ser36 and Ala"7 of LIF were at the edge 
of the binding region and unlikely to contribute greatly to binding, 
whereas the residues of LIF identified as making the main contri- 
bution, Gln25,  Ser2*, and G l d 2  (Hudson  et al., 1996), formed 
contacts with the following residues in gp130: Tyr'68 and  PheI6' 
(IEF loop), Val'9s and Tyr'96  (hinge region), Lys2I8 and 
(2BC loop), and  Lys275 (2FG loop). When the superposition was 
altered, Ser"j and Ala'I7 of LIF became closer to the binding 
region, whereas Gln2s was more to the edge. An examination of 
the electrostatic surfaces of LIF and the receptors, as shown in 
Figure 6, suggests that LIF might be angled across the receptors in 
a slightly different manner to GH. In this case, the initial super- 
position of LIF on GH would be more suitable for the gp130 
interaction and the second superposition would be more appropri- 
ate for the LIFR interaction. The receptor-dimer interface sug- 
gested by the electrostatic  surfaces of the receptor models  is 
dominated by the charged residues and L Y S ' ~ ~  (2A strand), 
Lys406 (2B  strand), and Asp4s3  (2E  strand) in LIFR, and  by G1u2I2 
and Glu2" (2A strand),  Lys2I9 (2B strand), and Asp'66 (2E strand) 
in gpl30. 

Other studies on LIFR binding have shown a complex pattern of 
receptor binding (Layton et al., 1994a). Human LIF shows bipha- 
sic dissociation from its cognate receptor, whereas human and 
murine LIF show monophasic dissociation from murine LIFR (Lay- 
ton et al., 1994a). Further, both human and murine LIF are less 
effective competitors against the cross species ligand when bind- 
ing to murine LIFR than would be expected from their respective 
individual binding affinities (Layton et al., 1994a). From the bind- 
ing pattern suggested by the models here and the mutagenesis data, 
the dissociation behavior can be explained by there being two 
binding sites for LIFR. Monophasic dissociation may  be observed 
if one binding site has a much greater affinity than the other or if 
binding at one site is dependent on binding at the other, as is the 
case for the IL-6Ra-dependent binding of gp130 to IL-6 (Paonessa 
et al., 1995). The interaction involving Phe"', noted above, may 
provide a mechanism for this in LIF by structurally linking the AB 
loop (Site I) and the D helix (Site 111) (Smith,  1996; Simpson et al., 
1997). Biphasic dissociation will occur if the sites are not com- 
pletely dependent, so that binding might occur at either site and if 
the dissociation constants of the sites are somewhat different. Slight 
structural differences between human and murine LIF and their 
receptors and a possibly stronger site I11 interaction in human LIF 
(discussed below) may cause the different observed dissociation 
behavior through these mechanisms. 

The growth hormone style of receptor binding suggested by the 
modeling implies that the second CBD of LIFR is more important 
for ligand binding, because it will dimerize with gp130 to allow 
signaling, and so it  is likely that LIF first associates with the 
second CBD. Most of the residues, identified by Layton et al. 
(1994b), which convert murine LIF binding to human-like behav- 
ior, cluster in the site I11 region and, based on the modeling, will 
interact with the first CBD. Therefore, it is probable that the (non- 
native) strong binding of human LIF to murine LIFR is dominated 
by site I11 interactions and that human LIF binds initially to the 
first CBD of murine LIFR. Consequently, the unexpected heterol- 
ogous competition may be explained by murine LIF initially as- 
sociating on the second CBD of murine LIFR, whereas the non- 
native association of human LIF is being initiated on the first CBD. 
Thus, the two molecules could inhibit the binding of the other, an 
effect that would not be observed in homologous competition be- 
cause both competitors would utilize the same initial site. The 
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apparent strong binding interaction of site I11 on human LIF to 
murine LIFR might suggest that this site  forms  a stronger native 
interaction in the human system than in the murine system, perhaps 
explaining the different cross species dissociation behavior. A re- 
cent study of chimeric LIF receptors (Owczarek et al., 1997) has 
also postulated that the second CBD of LIFR might play a more 
dominant role than the first CBD, consistent with the suggestion 
from the modeling that the second CBD of LIFR is involved in a 
GHR-like interaction. The effect of the Ig-like domain that they 
observe might be more consistent with an alteration of the orien- 
tation of the CBDs,  as noted above, rather than the possibility of 
ligand-Ig-like domain contacts that they suggest (Owczarek et al., 
1997). The modeling also suggests that the complex of LIF and its 
receptors will be trimeric, which is supported by the recent study 
of Zhang et al. (1997). 

In summary, the LIFR and gp130  models are consistent with the 
stereochemical parameters of proteins and with the structural prin- 
ciples seen in native proteins. The means used to evaluate the 
compatibility of the models with native structures (ProsaII, Sippl, 
1993; Profiles3D, Luthy et al., 1992) were able to suggest some 
improvements to the sequence alignments used to build the mod- 
els. Electrostatic analyses of the receptor models enabled binding 
partners to be inferred based on the complementarity of the elec- 
trostatic surfaces of the ligand and the receptors. These data strongly 
support a binding mode for LIF, following the growth hormone 
paradigm, in which the second CBD of LIFR binds to site I (the D 
and A helices) and then dimerizes with gp130, which binds to site 
I1 (the  A and C helices). This proposed LIF-receptor complex is 
consistent with the mutagenesis and binding data that are currently 
available. Unfortunately, the electrostatic analyses were not able to 
define the site I11 binding region more precisely nor to allow a 
choice between models based on slightly different alignments. The 
models described here have provided strong evidence that, like 
other cytokines, LIF follows the growth hormone paradigm of 
helical cytokine binding to sites I and I1 and have further demon- 
strated the utility of electrostatic surfaces for predicting domain 
interactions from homology models. Our modeling results suggest 
regions on both receptors that can be investigated further by mu- 
tagenesis or deletion mutants. 

Materials  and  methods 

Sequence alignments 

CBD sequences were aligned by predominately manual means, 
taking into account pronounced sequence features such as the con- 
served disulfide bridges, the proline-rich linker between the two 
FnIII domains, tyrosine comers  (Hemmingsen  et al., 1994), the 
“WSXWS” motif, the alternating pattern of hydrophobic-hydrophilic 
residues seen in P-sandwich proteins, and the secondary structure 
of the human growth hormone receptor (de Vos et al., 1992). 
Several different species of the growth hormone receptor, the pro- 
lactin receptor, the granulocyte colony-stimulating factor receptor, 
and the IL-6 receptor, as well as gp130 and LIFR, were used to 
provide a more detailed basis for the alignment. The sequences of 
the CBDs of LIFR are somewhat unusual, which complicated the 
alignment process. In the membrane-proximal (or “second”) CBD 
of LIFR, the second of the two “conserved” disulfide bridges is 
missing, whereas, in the N-terminal (or “first”) CBD, although the 
four cysteine residues are present, considerable sequence inser- 

tions and deletions are required if the third and fourth cysteine 
residues are to be aligned with those in the other sequences. Due 
to the apparently strong conservation of the second disulfide bridge 
in the class 1 helical cytokine receptors, alignments that preserved 
and altered the position of the second disulfide bridge were used to 
model this domain. 

Model building and refinement 

Models based on the alignments were constructed using the Ho- 
mology module of  Insight11 (Molecular Simulations Inc., San Di- 
ego, California). The coordinates of the site I growth hormone 
receptor (chain B of PDB entry 3HHR) were used as  a template for 
the P-sheet regions of the receptors and for some of the loops 
where the lengths matched. Other loops were taken from the struc- 
tures of FnIII  domains or from a search of the PDB (Bernstein 
et al., 1977). Once coordinates had been created, the models were 
refined using the X-PLOR program (Briinger, 1992). In general, 
the refinement process followed the simulated annealing and  mo- 
lecular dynamics in water procedure using the OPLS force field 
(Jorgensen & Tirado-Rives, 1988) as described by Smith et al. 
(1994). Initially, the models were subjected to energy minimiza- 
tions in vacuo with no electrostatic term and only a repulsive van 
der Waals term. The first minimizations held the backbone atoms 
fixed and subsequently the splice joints of the models were re- 
leased and further minimized with a final round of minimizations 
holding only the C“ atoms fixed. Following this, the models were 
surrounded with a 5-A layer of water molecules and subjected to 
simulated annealing and molecular dynamics. This was performed 
for two restrained stages, one with the C” atoms held fixed and 
another where backbone hydrogen bond constraints were simu- 
lated using NOE style restraints. Hydrogen bonds were inferred 
from the growth hormone receptor structure and an upper bound  of 
2.2 A on the 0 - H  distance was used so that the secondary structure 
was maintained while allowing the backbone to flex. During these 
two stages, restraints were placed on peptide bond planarity, C” 
tetrahedral distortion, and out-of-plane distortions of aromatic ring 
and charged side-chain groups. Due to an inadequacy with out-of- 
plane distortions in the OPLS force field (Cornell et al., 1995), this 
constraint was maintained throughout the refinement process. Ad- 
ditional restraints were used to correct some backbone bond and 
dihedral angles that had formed abnormal values in the model- 
building process. These restraints were monitored throughout the 
refinement process and altered or removed as necessary. The final 
stage of the refinement  process  was  unrestrained  (except for 
the out-of-plane force) molecular dynamics in water for 50 ps at 
300 K. 

Structure validation 

The models were examined for stereochemical quality by the use 
of the PROCHECK suite of programs (Laskowski et al., 1993). 
Further tests of the quality of the models were made using the 
Profiles3D method (Bowie  et al., 1991; Liithy et al., 1992) as 
implemented in Insight11  and the empirical force field method 
implemented in ProsaII (Hendlich et al., 1990; Sippl, 1993). Where 
these programs indicated problems in the models, the restraints 
used in the refinement process were either applied, adjusted, or 
removed and the refinement restarted. In some cases, alternative 
alignments were tried and the models rebuilt. 



LIF receptor modeling 

Electrostatic calculations 

Calculations of the electrostatic isopotential surfaces of the models 
followed the general principle described by Demchuk et al. (1994). 
Potential maps were constructed using the program Delphi (Gilson 
et al., 1988; Nicholls & Honig, 1991). Grid sizes of both 653 and 
1293 were used and the molecule’s position on the grid was varied. 
These changes did not alter the results significantly. Parameters 
used  in the calculation were: a probe radius of 1.4 A, an ion 
exclusion layer of 2.0 A, a salt concentration of 0.145 M, standard 
van der Waals radii, partial charges from the OPLS force field 
(Jorgensen & Tirado-Rives, 1988). a solvent dielectric of 80, and 
a solute dielectric of 2. Histidine residues were treated as having a 
net charge of +0.5 e. Visualization of the electrostatic surfaces was 
achieved using the program GRASP  (Nicholls et al., 1991). 
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